Species are being lost at an unprecedented rate due to human-driven environmental changes. The 33 cases in which species declared extinct can be revived are rare. However, here we report that a 34 remote volcano in the Galápagos Islands hosts many giant tortoises with high ancestry from a 35 species previously declared as extinct: Chelonoidis elephantopus or the Floreana tortoise. Of 150 36 individuals with distinctive morphology sampled from the volcano, genetic analyses revealed 37 that 65 had C. elephantopus ancestry and thirty-two were translocated from the volcano's slopes 38 to a captive breeding center. A genetically informed captive breeding program now being 39 initiated will, over the next decades, return C. elephantopus tortoises to Floreana Island to serve 40 as engineers of the island's ecosystems. Ironically, it was the haphazard translocations by 41 mariners killing tortoises for food centuries ago that created the unique opportunity to revive this 42
Introduction 45
Human activities have generated an extreme and rapid loss of biodiversity 1 . Many actions 46 have been undertaken to prevent species extinctions, including creating laws to protect 47 endangered species and critical habitats 2 , translocations of individuals among populations or into 48 new habitats 3,4 , and ex situ management including captive breeding 5 . For many species, such 49 actions come too late to facilitate recovery 6-8 . Although 'de-extinction' using laboratory 50 techniques is currently being debated 9 , such methods are viable only for some taxa and will 51 generate significant anticipated, and unanticipated, risks 10,11 . Generally, extinction is final and 52 cases where lost species can be revived will be extremely rare. 53
Despite their insularity, even remote oceanic islands are not exempt from rapid 54 anthropogenic changes. For example, the ecosystems of the Galápagos Islands, located ~900 55 kilometers off the Pacific coast of Ecuador, have been degraded by human activities since the 56 archipelago was discovered in 1535. The resulting loss of biodiversity, including many endemic 57 species, has been chiefly due to the introduction of non-native species 12, 13 . In response, concerted 58 efforts have been taken to restore ecosystems on the islands, including removal of introduced 59 pests 14,15 and population restoration via captive breeding and repatriation of threatened native 60 species (e.g. 16, 17 ). search, we explored zones of Volcano Wolf most likely to contain individuals with ancestry from 94 these two "lost" species ( Figure 1b ) and restricted genetic sampling to those individuals with 95 saddle-backed morphology among the thousands of locally endemic domed C. becki. We then 96 assigned ancestry to these tortoises using reference databases containing both extant and extinct 97 species that have previously been used to assign ancestry to tortoises in the wild and captivity 25-98 31 . Based on these assignments, we determined suitability of the tortoises for a genetically 99 informed captive breeding program aimed at reintroducing these key ecosystem engineers to 100 their native island. 101 102
Results & Discussion 103
In total, we encountered 144 individuals with saddle-backed morphology. Of those, 112 104 were released after taking blood samples, and 32 with pronounced saddle-backed morphology 105 were transported to the Galápagos National Park Service's captive tortoise breeding facility on 106 Santa Cruz Island 32-34 . We assigned ancestry to all 144 of these individuals along with six 107 saddle-backed tortoises known to have Floreana ancestry 35 already residing at the breeding 108 center using information from ~700-bp of mitochondrial DNA sequence and diploid genotypes 109 from 12 nuclear microsatellite loci. These loci have previously been shown to accurately assign 110 individuals to tortoise species 25-31 . 111 Thirty-five of the 150 individuals analyzed had a mitochondrial DNA haplotype 112 diagnostic of the Floreana species (Supplementary Figure S1 ). The remaining individuals either 113 had haplotypes diagnostic of the Critically Endangered Española Island species (n = 70), 114 haplotypes shared between the Santiago Island and Volcano Wolf species (n = 44), or a 115 haplotype shared between the species from San Cristóbal and Santa Cruz Islands (n = 1). The 116
proportions of haplotypes associated with the Española and Floreana Island species reported here 117 (46% and 23%, respectively) are substantially higher than previously detected among individuals 118 from Volcano Wolf 25,26 (5% and 2%). This is likely due to our targeting of saddle-backed 119 individuals in 2015 versus sampling broadly during previous surveys [25] [26] [27] [28] . 120
We conducted additional assignment tests using genotypes generated by simulated 128 matings within and among four possible parental lineages (PBL, PBR, Española Island, and 129
Floreana Island). Use of simulated individuals in assignment tests has been suggested to improve 130 accuracy and efficiency when distinguishing hybrid individuals 37 . Q-values from STRUCTURE 131 for the simulated hybrids were in the range expected for each "class" of hybrid (Supplementary 132 Figure S4 ), indicating we have the ability to identify individuals with Floreana ancestry across 133 various levels of admixture. 134
Analyses with the program GeneClass2 version 2.0 38 identified two tortoises with strong 135 assignment to the Floreana species, being classified as either purebreds or backcrosses between a 136 F 1 × purebred Floreana tortoise ( Supplementary Table S2 ). This program also identified 137 additional 63 tortoises that were assigned to categories with Floreana ancestry. Further analysis 138 of these individuals found a large number of F 1 hybrids and backcrosses both when re-running 139 STRUCTURE (Q-values between 0.40-0.77; Supplementary Table S2 ), as well as when we used 140 NEWHYBRIDS version 1.1 39 (Table 1 ) and discriminant analysis of principal components 141 (DAPC ; Figure 3 , Table 1 ). Admixture between the saddle-backed species from Floreana and 142 Española Islands (n = 43) was more common than between Floreana and either of the two 143 endemic domed C. becki populations (PBL and PBR; n = 22), indicative of positive assortative 144 mating between the two saddle-backed species. 145 A critical factor when planning a captive breeding program is having accurate ancestry 146 assignments. To examine the precision and accuracy of our ancestry assignments we conducted 147 additional analyses in STRUCTURE. First, jackknifing the loci to test robustness of Q-values to 148 reductions in the number of markers, and using the ANCESTDIST option in STRUCTURE, 149 which collects information about the distribution of Q-values for each individual in our dataset. 150 Jackknifing showed that individual Q-values were robust to reductions in the number of markers: 151 average variation in individual Q-values was 0.027 (SD=0.033, range <0.001-0.149; expected, for hybrid individuals there is uncertainty around the specific estimate of Q-values 154 (range 0.002-0.484; Supplementary Figure S6 ). Inclusion of the simulated individual in our 155 STRUCTURE run led to a general decrease in the magnitude of Q-values observed 156
( Supplementary Table S2 and Supplementary Figure S7 ). Taken together, these analyses suggest 157 that Q-values should not be taken as direct measure of proportional ancestry, but that our 158 markers are powerful in detecting the presence of ancestry from the extinct Floreana species. 159
Neither mitochondrial DNA nor microsatellite data identified individuals with ancestry 160 from the Pinta Island species. However, a previous genetic estimate suggested that only 60-70 161 tortoises with Pinta ancestry are present on Volcano Wolf 25 , whereas capture-mark-recapture 162 methods employed during our expedition estimated that a total of ~5,000-6,000 tortoises 163 occurred in the area searched. Moreover, despite our substantial search effort, we explored only 164 ~26% of the total tortoise-occupied range on the volcano (J. Gibbs unpublished data). Therefore, 165 it is possible that individuals with Pinta ancestry still live on Volcano Wolf, but went undetected 166 in 2015. 167
Of the 38 individuals currently housed in the captive breeding center, 23 tortoises (9 168 males and 14 females) were found to have nuclear ancestry from Floreana across multiple 169 assignment methods (Table 1) with Q-values from STRUCTURE ranging between 0.44-0.77, 170 when simulated individuals were also included in the analyses. In addition, 12 of these 23 171 individuals have mitochondrial haplotypes from the Floreana species ( Supplementary Table S2 ). 172
Together, these 23 individuals now form the core of a genetically-informed captive breeding 173 program aimed at repatriation of tortoises to Floreana Island. For the purposes of the breeding 174 program, all 23 genetically important individuals will be included, regardless of mitochondrial 175 lineage, in order to capture and maintain as much nuclear genetic diversity from the Floreana 176 species as possible. The program is modeled after another one developed for the Española 177 species initiated with only 15 founders. Over 50 years, the Española tortoise program generated 178 >2000 repatriates with nearly 1,000 surviving tortoises now reproducing independently on their 179 native island 17,40,41 . 180 A key attribute for success of such breeding programs is that the founding individuals are 181 unrelated, as high relatedness can lead to inbreeding depression. Accordingly, we examined 182 relatedness among the 23 individuals with Floreana ancestry in the breeding center. The analysis 7 0.04, range -0.58-0.63; Supplementary Figure 3 ). Although the 23 tortoises in captivity represent 185 a promising founding population, 44 tortoises identified during the 2015 expedition, but left on 186
Volcano Wolf, are also good candidates for the Floreana breeding and repatriation program 187 (Table 1) . These individuals, once re-located on Volcano Wolf, could be incorporated into the 188 breeding program to further expand the genetic diversity of the founder population. 189
The Floreana tortoise breeding program will be designed to maximize founder For ancestry assignment based on microsatellite genotypic data, we took a two-step dataset of 277 samples including all extant and extinct species to confirm the number of expected 247 genetic clusters (K) present in the archipelago (for full parameters see Supplementary Methods). 248
In this case, the optimal K was 12, which corresponds to previously described results 25,26 249 ( Supplementary Figure 2) . Second, with archipelago-wide K established, we reduced the 250 reference dataset to the seven clusters previously found to be on Volcano Wolf 29 Supplementary Table S2 ). Finally, we re-ran STRUCTURE using 280 the simulated crosses as the reference populations. 281
Precision and accuracy of ancestry estimates were tested with two additional sets of 282 STRUCTURE analyses. First, we jackknifed our loci, sequentially removing one locus from the 283 dataset and rerunning STRUCTURE. Second, we used the ANCESTDIST option within 284
STRUCTURE. See Supplementary Materials for full methods. 285

Relatedness Analysis 286
For the 23 individuals in the breeding center with Floreana ancestry, we calculated 
